Cell adhesion mediated by type I cadherins involves homophilic "trans" interactions that are thought to be brought about by a strand exchange mechanism involving the N-terminal extracellular domain. Here, we present the high-resolution crystal structure of the N-terminal two domains of human E-cadherin. Comparison of this structure with other type I cadherin structures reveals features that are likely to be critical to facilitate dimerization by strand exchange as well as dimer flexibility. We integrate this structural knowledge to provide a model for type I cadherin adhesive interactions. Intra-molecular docking of the conserved N-terminal "adhesion arm" into the acceptor pocket in monomeric E-cadherin appears largely identical to inter-molecular docking of the adhesion arm in adhesive trans dimers. A strained conformation of the adhesion arm in the monomer, however, may create an equilibrium between "open" and "closed" forms that primes the cadherin for formation of adhesive interactions, which are then stabilized by additional dimer-specific contacts. By contrast, in type II cadherins, strain in the adhesion arm appears absent and a much larger surface area is involved in trans adhesion, which may compensate the activation energy required to peel off the intra-molecularly docked arm. It seems that evolution has selected slightly different adhesion mechanisms for type I and type II cadherins.
Introduction
The cadherins comprise a large family of calciumdependent adhesion molecules that are differentially and, to a large extent, specifically expressed in different tissues. In all metazoa studied to date, cadherin expression on the surface of cells is critical for cellcell adhesion and, consequently, for development and for integrity of solid tissues. 1 In mammals, impaired cadherin-mediated adhesion has been associated with tumor progression and metastasis. 2 Phylogenetic analyses of cadherin protein sequences reveal a number of subfamilies: type I and type II cadherins, desmocollins, desmogleins, protocadherins, flamingo cadherins and a variety of other cadherin-related proteins. 3 These molecules all *Corresponding author. E-mail address: jwang@red.dfci.harvard.edu.
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contain a variable number of immunoglobulin (Ig) like extracellular cadherin (EC) domains. Based on structures of type I, type II and protocadherins, they are likely to be rigidified by the presence of calcium ions at the domain interfaces. 4, 5 Despite these conserved features, other elements of cadherins are quite diverse. For instance, vertebrate type I and type II cadherins, desmogleins and desmocollins all have five EC domains but have divergent cytoplasmic tails that associate with a variety of proteins to provide functional links to the cytoskeleton. 3 Interestingly, although many cadherins share a capacity for homophilic binding, the molecular mechanisms used by different subfamilies to accomplish this also appear to vary significantly.
Over the last decade, a number of studies have elucidated structure-function relationships in the cadherin family. Most have been conducted using type I cadherins such as E, N and C-cadherin, and a "strand-dimer" model has been established for the homophilic adhesion mechanism of these molecules. 4 First proposed as a cis interaction based on a structure of N-cadherin EC1, 6 this model was later re-interpreted and widely accepted as a trans interaction after structural analysis of Ccadherin EC1-5. 7 The basic feature of this model is a strand exchange mechanism involving the six highly conserved N-terminal residues (dubbed the "adhesion arm" hereafter) of EC1 and a similarly conserved "acceptor pocket" in the body of EC1. To form adhesive contacts, the adhesion arm of a cadherin molecule on the cell surface interacts with the acceptor pocket in EC1 of another molecule on the opposing cell surface. Type II cadherins undergo a similar but distinct strand exchange. 8 Based on sequence analysis and electron tomography of desmosomes, 9 desmocollins and desmogleins are likely to use a similar mechanism. Protocadherins and other cadherin-related molecules, however, appear to use different and still largely unknown mechanisms. The structural factors that bring about the precise balance of binding energies necessary to facilitate strand exchanges in cadherins and the consequences of the differing mechanisms used by different family members are unclear, and may have a direct impact on the adhesion specificity of these molecules.
Here we report the 2.0 Å crystal structure of the N-terminal two EC domains of human E-cadherin. The high resolution of this structure allows us to discuss the "strand-dimer" adhesion mechanism of type I cadherins; to compare it with the dimer interactions of other cadherin family members, in particular type II cadherins; and to highlight the basic principles that are likely to underlie the homophilic binding capacity of these cadherins. Figure 1 is a ribbon drawing of the high-resolution human E-cadherin EC1-EC2 structure. The overall topology of the molecule is very similar to that of other cadherin structures. The Ig-like fold, the signature calcium-binding motif at the inter-domain junctions and hence the relatively rigid inter-domain connections are all present. Indeed, the EC1 domain of human E-cadherin EC1-EC2 can be superimposed on a murine counterpart (PDB code 1EDH) 10 with a RMSD value of about 0.5 Å, if the first dozen residues are excluded.
Results and Discussion

Factors that favor inter-molecular adhesion over intra-molecular interaction
The key feature of strand exchange dimerization is that the side-chain of a conserved Trp2 on the adhesion arm inserts into the hydrophobic acceptor pocket of a dyad-related molecule. Comparison of our human E-cadherin EC1-EC2 structure with other representative cadherin structures, the Ncadherin EC1 6 and C-cadherin EC1-EC5 7 reveals the following additional conserved interactions from trans adhesive molecule A to molecule B (and vice versa): (i) a salt bridge between the N-terminal A NH 3 + and the carboxyl group of B Glu89; (ii) mainchain hydrogen bonds between A Val3-NH and B Lys25-CO as well as between A Asp1-CO and B Asn27-NH; (iii) a hydrogen bond between N ε of A Trp2 and carbonyl group of B Asp90-CO. These forces have been extensively discussed. In addition Figure 1 . Ribbon drawing of the strand-dimer structure of human E-cadherin EC1-EC2. The two molecules are related by a crystallographic 2-fold axis. Each interacting molecule inserts its Trp2 residue into the hydrophobic acceptor pocket of the dyad-related molecule. Three Ca 2+ (depicted here as red spheres) are found at the interface between the individual E-cadherin domains, thus imposing rigidity to the molecule.
we observed another interaction associated with Trp2, described below.
The side-chain of tryptophan is an indole, comprising a five-membered pyrrole ring fused with a six-membered benzene ring. Figure 2 depicts the sandwich of the planar carboxyl group of B Glu89 and the aliphatic side chain of B Met92 from the acceptor pocket onto the pyrrole ring of A Trp2. The slightly polar nature of the N ε H-group-containing pyrrole ring is stabilized by the negatively charged B Glu89 and also the slightly negatively charged side-chain of B Met92. This stacking configuration of a carboxyl group from a Glu onto the fivemembered ring of Trp2 is also found in all other relevant type I and II cadherin structures. This is reminiscent of the cation-π interaction seen in many protein structures between the six-membered ring of a Trp and a positively charged residue such as Arg or Lys. 11 Along with the hydrogen bond between the N ε H of A Trp2 and the main-chain carbonyl group of B Asp90, this arrangement probably provides an important force to hold the indole group in a fixed position. The interactions between the benzene ring of the indole and other hydrophobic residues in the acceptor pocket further stabilize A Trp2 anchoring. Cadherins are synthesized as inactive precursors with a pro-sequence of more than 100 amino acid residues at the N terminus, and become active only after proteolytic removal of this domain. 12 The prosequence may interfere with dimerization by steric hindrance, 13 and it also prevents formation of the salt bridge between the mature N-terminal NH 3 + and the carboxyl group of Glu89 that optimizes docking of Trp2. NMR studies indicate that, at high protein concentration, removal of the pro-sequence favors trans dimerization by strand exchange while, at low protein concentration, Trp2 can dock intra-molecularly after the pro-sequence is removed.
14 Indeed, there are two E-cadherin structures in which Trp2 docks into the intra-molecular acceptor pocket: mouse E-cadherin EC1-EC2 (PDB code 1FF5) 15 and human E-cadherin EC1 in complex with internalin from the bacterium Listeria (PDB code 1O6S). 16 Both these cadherin molecules have "extra" residues N-terminal to the native terminus, precluding formation of a true intra-molecular salt bridge between Asp1-NH 3 + and Glu89. Nevertheless, it is possible that in the human E-cadherin structure 1O6S, intimate wrapping of internalin around the EC1 monomer stabilizes the intra-molecularly docked conformation of the adhesion arm. In addition, it is interesting to notice that a bidentate hydrogen bond is found between the amide group of Ser1-NH and Glu89 in this structure (note that Ser replaces the natural Asp1 in this molecule). This hydrogen bond seems to be in the place of the intramolecular salt bridge that would be expected to form in the native structure. In the case of the mouse E-cadherin structure 1FF5, the single extra Nterminal methionine seems to be insufficient to completely prevent intra-molecular docking, and it has been proposed that crystal packing forces stabilize the normally weak docking interaction in this instance. 14 Overall, these two structures may serve as surrogates for a conformation of native monomeric cadherin, or a form before adhesion. Both clearly show that the interactions between the adhesion arm and EC1 body observed in trans adhesive molecules described above can also exist intra-molecularly. We have superimposed the structure of mouse E-cadherin EC1 (1FF5) 15 with intramolecular docking of the adhesion arm onto the structure of human E-cadherin EC1 engaged in trans dimerization reported here. Figure 3 (a) shows how similar the Trp2 binding in the acceptor pocket is both intra-molecularly (designated the "closed form") and inter-molecularly (designated the "adhesive form"). This structural observation implies that the free energies of the closed and adhesive forms of the cadherin molecule are quite similar, but it does not explain how the entropic cost of dimerization is overcome.
It is believed that cell adhesion is driven by high avidity and the interaction between individual adhesive molecular pairs is often weak. 17 The K D value for homophilic adhesion of type I cadherins is at the sub-millimolar level, 14 and the binding strength of type II cadherins is likely to be comparable. 18, 19 In fact, the association of the Trp2 is remarkably brief, in the 2 s range. 20 The expected dynamic equilibrium between the closed and adhesive forms has been elegantly demonstrated in a recent mutagenesis study on N-cadherin focusing on the role of the salt bridge between A Asp1-NH 3 + and B Glu89. 21 Within a wild-type strand-dimer, two salt bridges can form: between A Asp1-NH 3 + of one molecule and the carboxyl group of B Glu89 in the opposing molecule, and vice versa. As expected, a Glu89Ala mutation or adding Gly-Gly to the N terminus prevents the salt bridge from forming, which impairs adhesion, consistent with our previous results obtained for the Glu89Ala mutation. 22 Interestingly, when the two modifications were present separately (with molecule A being a Glu89Ala mutant and molecule B having Gly-Gly added at the N terminus), stronger adhesion than wild-type was observed. It seems that neither mutant molecule A nor B allows optimal Trp2 docking into its own acceptor pocket due to the loss of the intra-molecular salt bridge. However, the N-terminal A Asp1-NH 3 + of molecule A can still form a salt bridge to the B Glu89 of molecule B, bringing its adhesion arm into place. Since the intra-molecular docking is unfavorable, the otherwise existing activation barrier for the adhesion arm switching from intra-molecular docking to inter-molecular docking may be substantially lowered, leading to enhanced adhesion. Comparison of E-cadherin in closed and adhesive conformations. (a) Superposition of the binding pocket of the human E-cadherin (adhesive form) and mouse E-cadherin (closed form; PDB code 1FF5). The human E-cadherin structure reported here is shown in green, with its dyad-related molecule depicted in magenta, whereas mouse E-cadherin is shown in yellow. Note the addition of an extra Met to the native N terminus in the latter structure. The adhesive and the closed forms are well superimposed in this local area. (b) Superposition of the human E-cadherin EC1-EC2 structure (adhesive form, in green), the human E-cadherin EC1 structure obtained in complex with internalin (closed form, in cyan; PDB code 1O6S) and the mouse E-cadherin EC1-EC2 structure (closed form, in yellow; PDB code 1FF5). The closed structures both have extra residues at the N terminus (specifically, there is an additional N-terminal Met in the 1FF5 structure and replacement of the native N-terminal Asp1 residue with Gly-Pro-Leu-Gly-Ser1 in the 1O6S structure) so that the N-terminal salt bridge can no longer be formed. In the green and yellow molecules, the P5-P6 motif bulges out prominently, seemingly predisposing the adhesion arm to swing out and promote trans strand-dimer formation. By comparison, the cyan molecule's P5-P6 is less protruding, but is in a strained conformation (see the text). These results imply that for a monomeric cadherin molecule, there is an equilibrium between the closed form with the adhesion arm affixed and an open form with the adhesion arm stretched out. 21 Indeed, in a number of structures of E and N-cadherins, with both native and extended N termini, the N-terminal part of the adhesion arm is unresolved, 10, 15, 23 indicating that the arm has a tendency to dissociate from the body of EC1. When an opposing cadherin molecule approaches, trans strand-dimer formation is favored, suggesting that the inter-molecular docking of the adhesion arm has a lower free energy than the intra-molecular docking. It is possible that this may be due, in part, to the existence of two consecutive proline residues at the base of the N-terminal segment that introduce strain into the intra-molecularly docked adhesion arm. It has been noticed that the first seven residues (Asp-Trp-ValIle-Pro-Pro-Ile) of the N-terminal adhesion arm of type I cadherins are conserved. 3 In the adhesive form of a cadherin, exemplified by our human E-cadherin EC1-EC2 structure, main-chain hydrogen bonding to form a β-sheet between β-strand A and β-strand G in EC1 occurs only C-terminal to Ile7. N-terminal to Ile7, the Pro5-Pro6 motif ushers the first six residues out away from the body of EC1 (Figure 3(b) , green molecule). Intriguingly, despite the fact that the Trp2 docks into its own acceptor pocket in the two closed forms (Figure 3(b) , mouse E-cadherin 1FF5 in yellow and human E-cadherin 1O6S in cyan), the Pro5-Pro6 motif still bulges out prominently. The very N-terminal residues of human E-cadherin 1O6S (cyan) form an antiparallel pairing with the β strand B (one main-chain H-bond between Ser1-CO and Asn27-NH as well as two Hbonds between Val3 and Lys25). Notably, Pro5 in this molecule appears in a different conformation from that in the adhesive form. Its conformational angle Φ is − 86°, as opposed to energetically favorable − 55°to − 75°. 24 This proline residue seems to be in a strained state. In contrast, in the closed structure of mouse E-cadherin 1FF5, 15 Pro5-Pro6 can be overlaid more closely on the counterpart in the adhesive form ( Figure 3(b) ; yellow molecule overlaid on green). The conformational angle Φ of Pro5 is − 58°for the adhesive form reported here (green), within the favorable range, and − 77°for the mouse closed form 1FF5 (yellow), not far from the favorable range. In this closed structure, which has an extra N-terminal methionine, Asp1 turns away from forming any interaction with Glu89 ( Figure  3(b) ). Although Trp2 is still held in the acceptor pocket, it assumes a very strained conformation (Φ = − 124 and Ψ = 2). In this case, the strain within the closed form, perhaps introduced by Pro5-Pro6, is manifest at a different position but again it is likely to promote dissociation of the adhesion arm.
Proline-induced arm exchange between protomers plays a key role in protein quaternary structures. 25 Proline residues found frequently at hinge regions impose constraints on polypeptide conformation and dynamics, and consequently favor extended conformations of arms and oligomerization. Phylogenetic analysis and side-directed mutagenesis experiments all confirm the importance of the existence of proline at these hinge positions. 25, 26 We consider the Pro5-Pro6 motif in type I cadherins to be a similar structural element acting in a different biological context.
It is tempting to postulate that once the prosequence is removed, a type I cadherin molecule is in a meta-stable state, primed for adhesion, in which the adhesion arm is in an equilibrium between the open and closed conformations. When human Ecadherin molecules approach one another from opposing cell surfaces, adhesive trans interactions form ( Figure 5, below) . During this process, the intra-molecular H-bonds between the N terminus of the A strand and the B strand will be replaced by similar inter-molecular interactions, such as between . In addition, our high-resolution structure reveals the presence of two water molecules that appear to stabilize the outward facing conformation of the arm by forming hydrogen bonds with backbone atoms of A Ile4 (in the arm) and of A Glu93 and A Leu95 (in the body of the cadherin; Figure 3(d) ). Overall, formation of adhesive interactions is an energetically more favorable process. Figure 4 (a) illustrates a representative collection of EC1 domains from type I cadherin structures overlaid on one another, including human E-cadherin reported here (green), mouse E-cadherin in closed form (PDB code 1FF5; yellow), mouse E-cadherin in adhesive form (PDB code 1Q1P; red) and Xenopus Ccadherin (adhesive; PDB code 1L3W; light grey). Other than the closed form in yellow the rest of the structures form strand-dimers. Clearly, the EC1 domains of all the structures superimpose extremely well, with the exception of the first six residues. A remarkable feature here is the wide spectrum of swing angles observed for these six-residue Nterminal segments, and the consequently variable orientations in which the corresponding stranddimer-associated molecules are found. Crystal packing may have an effect on these differences, and some may be due to intrinsic differences between the type I cadherins. 8 As shown in Figure 4 (b), however, where just the two strand-dimers of Ecadherin are shown for clarity (human in green/ magenta and mouse in red/yellow with the green and red molecules overlaid on top of each other), the orientations of the two dyad-related molecules (yellow and magenta) differ by about 49°. This difference is likely to reflect the dynamic nature of the first six residues in E-cadherin, and defines a characteristic of the type I cadherin family. As mentioned earlier, several new contacts formed in the E-cadherin dimer appear to facilitate dimerization. It is interesting to note, however, that while these interactions remain mainly hydrophobic in nature, the specific contacts vary with the swing angle of the adhesion arm. For example, in the mouse E-cadherin dimer, the adhesion arms are much more extended than in the human E-cadherin structure, and the interdigitating interactions between A Val3 and A Pro5 with B Gln23 and B Lys25 mentioned earlier do not form. In this case A Ile4, which forms intra-molecular hydrophobic contacts with residues including A Val22 and A Met92 in the closed structures (Figure 4(c) ) and in the human Ecadherin dimer (Figure 4(d) ), instead forms a close contact with B Ile4 of the interacting molecule ( Figure  4(e) ). This may provide a stabilizing inter-molecular contact that compensates for those weakened upon transition from the less extended conformation seen in the human E-cadherin dimer.
Dynamics of the strand-dimer
The relative orientations of the E-cadherin molecules in the mouse and human E-cadherin dimers may lie close to the two extremes of a dynamic process described by a shallow free energy curve. Local minima in the energy landscape may explain the ability to crystallize the "intermediates" that are represented by the various structures shown in Figure 4 . Indeed, our structure provides some crystallographic data to support the type of conformational changes predicted by molecular dynamic simulations. 27 While these conformational differences may be stabilized by crystal packing contacts, we propose that they also reflect real changes in cadherin contacts that occur in response to mechanical forces at cell-cell junctions.
"Cis" interactions
In addition to strand exchange, a second interaction has been observed for E and C-cadherin molecules in a variety of crystal structures. This socalled cis interaction occurs between cadherins in a parallel orientation, as if they are both emanating from the same cell surface. In this case, a hydrophobic surface on the "back" of domain 1, away from the site of strand exchange, interacts with a hydrophobic region at the bottom of domain 2. 7 This "front-to-back" cis interaction is also present in our structure (Supplementary Data, Figure 1) , providing further circumstantial evidence in favor of its functional importance.
Comparison of type I and type II cadherins
It is informative to compare the process described above for type I cadherins with the adhesion mechanism of type II cadherins revealed in recent structural work. 8 For all type II cadherin structures, the strand-dimer, including the key Trp2 swapping and N-terminal salt bridge, remains. However, the β-strand hydrogen bonds begin from Asn5 in the type II rather than Ile7 in the type I cadherins. A sharp kink at this Asn5 allows the N-terminal polypeptide chain to reach out such that Trp4 joins Trp2 in docking into the acceptor pocket, a characteristic feature of the type II cadherins. As a result, a very large hydrophobic adhesive interface is engaged in type II cadherins, which involves the entire edge of EC1 domain, burying 2700-3300 Å 2 of accessible surface area. 8 By comparison, type I cadherins like human E-cadherin use predominantly the first three residues for interaction, and the surface area buried upon dimerization is only about 1600 Å 2 . So far no structure of a type II cadherin in the closed form is available. Since, however, there is no Pro5-Pro6 motif in the type II cadherins, strain of the kind seen in the adhesion arm of the type I cadherins is unlikely to exist. It can be envisaged that binding energy gained from the much larger hydrophobic adhesive interface in the type II cadherins may compensate for the activation energy of transforming the intramolecular docking of Trp2 into inter-molecular docking. It seems that evolution has selected slightly different priming mechanisms for the two types of cadherins: for type I, a Pro5-Pro6 motif that encourages "peeling off" of the adhesion arm, whereas for type II, the use of a larger hydrophobic interface that facilitates N-terminal swapping.
Concluding remarks
After a type I cadherin precursor undergoes proteolytic activation, the N-terminal segment of Figure 4 . Variable conformation of the N-terminal adhesion arm. (a) Superposition of the EC1 domains of human E-cadherin EC1-EC2 (adhesive form; green), mouse E-cadherin EC1-EC2 (closed; 1FF5, yellow), Xenopus C-cadherin EC1-EC5 (adhesive; 1L3W, light grey) and mouse E-cadherin EC1-EC2 adhesive form (1Q1P, red). The major portion of these molecules is well superimposed. By striking contrast, there is a spectrum of variable swing angles in their N-terminal segments. Such conformational variability suggests that this region confers necessary flexibility to the cadherin molecule to facilitate cell adhesion. (b) Superposition of the human E-cadherin EC1-EC2 structure (green) and the mouse E-cadherin EC1-EC2 structure (1Q1P, red), highlighting the orientation variation of their strand-dimer counterparts (magenta and yellow, respectively). The calcium ions present in all structures are omitted for clarity. EC1 can dock intra-molecularly with the body of EC1 (Figures 3(a) and 5) . The Pro5-Pro6 motif at the base of this segment, however, may introduce strain into this closed conformation that favors dissociation of the N-terminal six-residue "adhesion arm" from the molecular body, priming it for adhesion. When cells juxtapose, forming adherens junctions, the open adhesion arm is stabilized in the adhesive conformation by binding to an opposing cadherin, creating trans dimers. Additional inter-molecular interactions are likely to further stabilize the dimer. The dynamic nature of the adhesion arm may allow a very large group of cadherin molecules to more or less simultaneously form trans interactions. The flexibility of the trans dimer may be essential because the extracellular portions of type I cadherin molecules are relatively rigid due to inter-domain calcium-binding, as reported in the five-domain C-cadherin structure. 7 There is evidence that socalled "trans" dimers involving the adhesion arm can also form between cadherins emanating from the same cell surface. 7, 9 It is possible that the combination of inter-domain rigidity and adhesion arm flexibility provides a geometry that, overall, allows adhesive strand exchange between cadherins on opposing cells. Interactions between cadherins on the same cell might otherwise be overly favored due to their restriction in the two dimensions of the cell surface. Indeed, the configuration of the cis interactions of desmosomal cadherins observed by electron tomography appeared compatible only with inter-molecular docking of a single adhesion arm, rather than the full mutual strand exchange that could be seen in adhesive dimers. 9 Interestingly, type II cadherins may have evolved a distinct means to facilitate dimerization by the strand exchange mechanism. In this case, the formation of a relatively large dimer-specific interface appears to compensate for the entropic penalty of dimerization as well as the activation energy of transforming intra-molecular docking of the adhesion arms into inter-molecular docking. Examination of the sequences of the desmocollins, which retain Trp2 and have a Pro-Ile-Pro motif in place of Ile-Pro-Pro in type I cadherins, 3 suggest that they may use a mechanism similar to that of type I cadherins. Desmogleins have Trp2 but a conserved proline motif is absent. It will therefore be of some interest to determine the structures of trans dimers of these cadherins, and of representatives of other cadherin subfamilies where residues equivalent to Trp2 apparently do not exist.
Our observations also emphasize the central role that Glu89 or the equivalent residue plays in type I and type II cadherin adhesion, and likely also in desmocollins and desmogleins. This residue forms a salt bridge with the N terminus of the opposing molecule upon dimerization, where it may compensate for the loss of a similar intra-molecular salt bridge in the monomer. In addition, Glu89 stacks onto the five-membered pyrrole ring of Trp2. Interestingly, Glu89 is also critical for the heterophilic interaction of E-cadherin with the integrin α E β 7 . 22 In this case, it is unlikely that the presence of the salt bridge is the crucial factor, because Ecadherin monomers can act as ligands for α E β 7 , and extensions of the N terminus of E-cadherin do not in themselves prevent α E β 7 binding. 28, 29 In fact, Glu89 Figure 5 . A model for the binding mechanism of type I cadherins. Starting at the left, the cadherin is synthesized as an inactive pro-form in which docking of the adhesion arm is not favorable due to the absence of a free N terminus that can form a salt bridge with Glu89 (shown in blue), and perhaps steric hindrance by the pro-domain itself. Following irreversible cleavage that removes the pro-sequence, the adhesion arm can dock intra-molecularly into the body of EC1. Intercalation of Trp2 (in green) is stabilized by a stacking interaction with Glu89 and Met92, and the formation of a salt bridge between Glu89 and the free N-terminal amine (shown as a broken red line), among other interactions. This closed configuration, however, is in equilibrium with an open form in which the adhesion arm is dissociated from the body of EC1. The position of this equilibrium may be determined in part by strain in the closed conformation due to the Pro5-Pro6 motif shown in brown. Formation of "adhesive" dimers involves strand exchange with inter-molecular docking of Trp2 and salt bridge formation that is almost identical to that seen in the closed form, and the formation of additional intermolecular interactions also involving the adhesion arm (see the text).
is predicted to lie at the interface between the A domain of α E and E-cadherin. 30 It appears that Glu89 is a critical binding residue for the N terminus of E-cadherin in both E-cadherin monomers and trans dimers, and for α E β 7 during heterophilic adhesion. It will be interesting to determine the effect of α E β 7 binding on E-cadherin dimerization and signaling, and vice versa, particularly if so-called trans dimers also form between cadherins emanating from the same cell. 7, 9 Thus, the model of the type I cadherin adhesion mechanism presented here provides a useful framework for understanding the homophilic and heterophilic interactions of many cadherin family members. The model also emphasizes the delicate balance between structural elements that is necessary to allow transition from intra-molecular to inter-molecular docking of the adhesion arm, and to favor homophilic cadherin interactions between cells while allowing interactions between cadherins on the same cell surface.
Experimental Procedures
Protein production and crystallization A DNA fragment featuring the first 213 N-terminal amino acid residues (EC1-EC2) of human E-cadherin was obtained by PCR using the full cDNA of the entire human E-cadherin gene as template. The protein-coding DNA sequence contained a point mutation changing Cys9 to Ser9 and was fused at its N terminus to an initial Met residue, a 6His-tag, a spacer region of five amino acid residues (Ser-Ser-Gly-His-Ile) and the enterokinase recognition site (Asp-Asp-Asp-Asp-Lys). In order to add the entire N-terminal extra sequence to the E-cadherin EC1-EC2 portion, two PCR reactions were performed sequentially. In the first reaction, the 5′-AGCAGCGGCCATATCGACGACGACGACAAGGATT-TGGTTATTCCGCCGATC-3′ forward primer and the 5′-CCCCCCGCTCAGCTCAATCGGTTACCGTGATCAAA-ATC-3′ reverse primer were used. The DNA product thus obtained was then used as template for the second reaction, carried out with 5′-TTTTTTCCATGGGCCATCATCAT-CATCATCACAGCAGCGGCCATATCGACGAC-3′ as forward primer and the same reverse primer used in the first reaction. The final PCR fragment was then cloned into a pET3a vector (Novagen) using the NcoI and BlpI restriction sites.
Overnight protein expression at room temperature in the BL21(DE3)pLysS Escherichia coli strain afforded soluble protein in high yield. The cell lysate was then purified on a Ni-column. A second and final purification step using a Hiprep 26/60 Sephacryl S-100 size exclusion column (Pharmacia) was then necessary in order to obtain 100% sample purity as detected by Coomassie staining. The protein sample (buffer Tris-buffered saline (TBS) (pH 7.4), 2 mM CaCl 2 ) was then digested overnight at room temperature with enterokinase (New England Bio-lab) and subsequently passed over a Ni-column to remove all traces of the cleaved 6His-tag as well as all the residual uncleaved protein. The flow-through of this last affinity chromatography step was collected, dialyzed into 10 mM Tris (pH 7.4), 2 mM CaCl 2 and brought to a final concentration of 15 mg/ml for crystallization experiments.
Large crystals of the 1-213 fragment of human Ecadherin carrying the Cys9Ser mutation were obtained by the vapor diffusion method at 4°C by mixing a 1 μl drop of the protein sample with an equal volume of 10% (w/v) PEG 8000, 0.2 M CaCl 2 , 0.1 M Hepes (pH 7.5), 5% (v/v) dimethyl sulfoxide (DMSO) solution. Crystals were then frozen in a chemically identical solution to which 20% (v/v) glycerol was added to serve as cryo-protectant.
Structure determination and refinement A 2.0 Å X-ray diffraction data set was collected at APS using λ = 1.000 Å. Diffraction images were processed using the HKL2000 suite 31 and the structure factors were reduced and scaled with SCALEPACK. 31 Data collection and refinement statistics are shown in Table 1 . The structure was determined using the program AMoRe 32 and the mouse Ecad-D1D2 crystal structure (PDB code 1EDH) as the search probe. Model building and refinement were carried out using XtalView 33 and Refmac, 34 respectively. During the final stages, the model was subjected to five cycles of TLS refinement, 34 in which each E-cadherin domain was defined as an independent domain, followed by ten cycles of maximum likelihood restrained refinement. Water molecules were added manually upon examination of both F o -F c and 2 F o -F c maps. Figures 1-4 were generated using PyMOL †.
Protein Data Bank accession code
The final coordinates have been deposited in the RSCB PDB with the code 2O72. Numbers in parentheses are for the highest resolution shell.
a R sym =∑ hkl| I-bIN | /∑I, where I is the observed intensity and bIN is the average intensity from observations of symmetry related reflections. A subset of the data (5%) was excluded from the refinement and used to calculate R free .
